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Abstract — Optical  InP-based  microresonator  modulators  which 
achieve  low-voltage  high-bandwidth  modulation  are  presented, 
where  resonant  wavelength  tuning  of  a  circular  resonator  by  free 
carrier  injection  is  used  as  the  modulation  mechanism.  Since 
thermal  effects  in  small  resonant  cavities  and  switching  speed 
limitations  posed  by  minority  carrier  lifetime  are  the  primary 
concerns  in  such  types  of  devices,  ion  bombardment  in  micro- 
toroidal  structures  is  used  to  increase  the  speed  of  response.  The 
modulation  speed  is  enhanced  by  an  order  of  magnitude. 

Index  Terms — High  speed,  ion  bombardment,  low  voltage, 
microresonators,  modulators,  tunable  filters,  wavelength-division 
multiplexing. 

OPTICAL  microresonators  are  compact  and  versatile 
elements  capable  of  a  variety  of  functionalities  that  are 
envisioned  as  useful  elements  in  wavelength-division-multi¬ 
plexing  systems.  Tunable  filters,  switchable  optical  ADD-DROP 
filters,  lasers,  and  modulators  have  been  proposed  and  the  basic 
operational  mechanisms  demonstrated  [l]-[4].  High  quality 
factor  (Q)  active  resonators  utilizing  free  carrier  injection  (FCI) 
as  a  tuning/switching  mechanism  have  been  demonstrated 
[1].  In  these  devices,  free  carriers  injected  into  the  intrinsic 
region  change  the  effective  index  of  the  whispering  gallery 
modes  (WGMs),  and  thus,  blue-shift  the  resonant  wavelengths 
in  the  spectral  range  of  interest.  Although  other  modulation 
mechanisms  such  as  electroabsorption,  depletion,  and  gain 
have  been  demonstrated  [5],  [6],  we  focus  in  this  letter  on 
the  FCI  mechanism  as  it  is  an  attractive  candidate  to  achieve 
low-voltage  modulation  in  the  InP-hased  material  system. 

A  current  limitation  of  these  devices  is  their  limited  high-fre¬ 
quency  response  which  is  controlled  by  the  minority  carrier  life¬ 
time.  Also,  these  devices  exhibit  thermal  tuning  under  forward 
bias  that  limits  their  performance.  In  this  letter,  we  demonstrate 
greater  than  an  order  of  magnitude  improvement  in  the  opera¬ 
tion  bandwidth  of  FCI  modulators  through  the  use  of  proton  im¬ 
plantation  to  reduce  the  minority  carrier  lifetime  in  these  devices 
[7].  Low  voltage  operation  is  maintained  by  instituting  fabrica¬ 
tion  approaches  that  improve  the  sensitivity  of  the  ion  implanted 
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Fig.  1.  SEM  micrograph  of  a  finished  microtoroidal  device  is  shown  on  the 
left.  The  device  has  a  center  void  that  is  about  1 .2  //  m  deep.  The  entire  p  region 
of  the  device  is  removed  in  the  center  to  facilitate  current  flow  only  through  the 
periphery  of  the  device.  The  schematic  cross  section  of  the  device  shows  the 
nature  of  the  three-dimensional  coupling. 


devices.  We  will  also  present  a  model  of  the  tuning  mechanism 
including  the  effects  of  both  FCI  and  thermal  effects  that  quan¬ 
tifies  the  speed-voltage  swing  tradeoff  in  these  devices. 

The  principle  of  operation  of  the  FCI  modulator  involves  the 
resonant  transfer  of  optical  energy  between  two  waveguides  at 
the  resonance  of  a  microresonator  that  couples  them.  An  ex¬ 
ample  of  such  a  coupling  structure  is  shown  in  Fig.  1 .  Modula¬ 
tion  of  light  in  the  through  port  is  accomplished  by  rapid  tuning 
of  the  index  of  refraction  and,  thus,  the  resonant  frequency  of 
the  microresonator  by  FCI. 

The  microresonator  modulators  in  our  study  are  fabricated 
with  a  combination  of  epitaxial  growth  and  wafer  bonding 
using  a  process  that  has  been  described  in  previous  publica¬ 
tions  [1],[5],  [8].  Some  modihcations  have  been  introduced 
to  maintain  the  small  bias  swing  necessary  to  operate  the 
modulator  modihed  by  the  ion  implantation  process.  Device 
fabrication  starts  with  the  growth  of  the  epi-structure  that 
contains  the  disk  core  with  a  sacrificial  InGaAsP  layer  on  top 
that  will  be  removed  after  the  ion  implantation.  This  structure  is 
bombarded  with  protons  to  achieve  lifetime  reduction.  Protons 
with  energy  of  40  keV  were  chosen  so  as  to  cause  maximum 
damage  at  the  center  of  the  disk  waveguide  core  layer.  After 
the  ion  implantation,  the  sacrificial  layer  is  removed  to  provide 
a  relatively  defect  free  growth  interface  for  the  rest  of  the  epi¬ 
taxial  structure.  This  consists  of  a  O.S-fim  coupling  layer  and 
the  bus  waveguide  core  layer  which  is  0.4  fim  thick  followed 
by  a  l-fim  cladding  layer  for  the  bus  waveguides.  We  believe 
that  the  regrowth  procedure  acts  as  an  annealing  mechanism 
that  recovers  the  optical  properties  of  the  bombarded  material. 
Hence,  no  significant  change  in  the  optical  loss,  which  in  turn 
affects  the  transmission  properties  (quality  factors  and  contrast 
ratios)  of  the  resonators,  was  observed.  The  processing  of 
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Fig.  2.  Comparison  of  tuning  capabilities  between  a  12-//m  microdisk  and 
microtoroidal  device.  The  device  on  the  right  is  a  microtoroidal  device  that  has 
a  center  void  that  is  8.5  //m  in  radius.  The  tuning  capability  has  increased  from 
0.15  to  0.75  nm/mA. 


these  devices  including  patterning  the  bus  waveguides,  wafer 
bonding,  etching  of  the  disk  mesas,  polyimide  planarization, 
and  metallization  is  described  in  an  earlier  letter  [8].  An  addi¬ 
tional  etching  step  chosen  only  to  penetrate  the  top  p-layer  is 
included  in  our  processing  to  define  a  center  void  in  these  de¬ 
vices.  This  reduces  the  active  area  and  increases  the  sensitivity 
of  the  devices  to  current  bias  [9]  since  current  flowing  fhrough 
the  center  of  the  device  does  not  interact  with  the  WGM  in  the 
microdisk.  A  schematic  and  a  scanning  electron  micrograph 
(SEM)  of  the  microtoroidal  device  are  shown  in  Fig.  1 .  The  en¬ 
tire  device  structure  is  planarized  using  polyimide  and  contact 
pads  are  patterned  to  allow  probing  and  wire  bonding.  Thick 
gold  is  electroplated  on  the  top  contact  to  facilitate  bonding  and 
to  act  as  a  conductive  heat  path  from  the  top  of  the  device. 

The  transmission  properties  of  our  resonators  are  measured 
with  a  tunable  continous-wave  laser  diode.  The  light  is  coupled 
into  the  input  bus  waveguide  using  a  lensed  fiber  and  coupled  out 
of  the  throughput  using  a  microscope  objective  and  free  space 
alignment.  For  high-speed  measurements,  a  network  analyzer 
is  used  with  the  samples  mounted  on  a  high-speed  submount.  A 
comparison  of  a  reference  (unimplanted)  and  an  ion  implanted 
sample  without  the  center  void  showed  that  the  sensitivity  in  the 
latter  case  was  reduced  from  0.7  to  0.15  nm/mA.  This  loss  of 
sensitivity  is  recovered  by  etching  the  center  void.  Fig.  2  shows 
the  normalized  transmission  characteristics  of  12-/xm  radii  FCI 
microdisk  modulators  that  were  implanted  with  40-keV  protons 
at  a  dosage  of  10^^/cm^.  The  device  on  the  left  is  a  microdisk 
device.  The  one  on  the  right  is  a  12-p,m  microtoroidal  device 
complete  with  an  8.5-//m  center  void.  The  small  wiggles  that 
we  see  in  the  transmission  characteristics  are  Fabry-Perot  reso¬ 
nances  due  to  imperfect  antireflection  coating  at  the  facets  of  the 
device.  We  see  that  there  is  considerable  improvement  in  tuning 
of  the  microtoroidal  structure  as  compared  to  the  microdisk. 
Fig.  3  shows  the  high-frequency  response  of  this  device  and  an 
unimplanted  one  from  similar  materials.  The  measured  device 
has  a  3-dB  bandwidth  of  1.5  GHz.  In  comparison,  the  reference 
shows  a  bandwidth  of  around  150  MHz.  Switching  near  current 
turn  on  requires  300  /xA  (0.3  V)  to  switch  the  device  similar 
to  that  described  previously  in  unimplanted  microdisk  switches 
[1].  Higher  implantation  doses  and  narrower  toroidal  rings  will 
improve  the  frequency  bandwidth  in  these  devices  while  main¬ 
taining  the  very  low  current  swing  that  is  achieved  in  the  present 
devices. 

Since  the  use  of  ion  implantation  to  increase  the  operational 
bandwidth  of  the  device  also  increases  the  current  density  swing 


Fig.  3.  Frequency  response  of  an  FCI  microtoroidal  device  that  was  proton 
implanted  at  40  keV  at  a  dosage  of  10^^/cm^.  The  device  exhibits  a  3-dB 
bandwidth  of  about  1.5  GHz.  In  comparison,  the  reference  device  exhibited  a 
3-dB  bandwidth  close  to  130  MHz.  The  devices  were  dc-biased  with  current 
=  1  mA. 

required  to  achieve  a  given  resonance  tuning,  there  is  an  inherent 
speed-sensitivity  tradeoff  operative  in  these  devices.  Because 
heating  produces  a  resonance  tuning  in  the  opposite  direction  to 
the  FCI,  there  will  be  a  limit  to  the  modulation  speed  that  one  can 
achieve  in  these  devices.  To  understand  these  limits,  we  have  de¬ 
veloped  a  model  that  includes  the  current  tuning  from  FCI  and 
the  accompanying  heating  effects  owing  to  current  flow.  The 
operation  of  an  FCI  modulator  primarily  relies  on  the  refractive 
index  changes  that  are  caused  by  the  free  carriers  injected  into  an 
undoped  GalnAsP  waveguide  core  [10]  that  causes  a  blue-shift 
in  the  resonant  wavelength  of  the  microresonator.  The  carrier 
density  and,  hence,  the  refractive  index  are  functions  of  the  cur¬ 
rent  are  described  by  the  following  equations: 

=  AxN  +  By<N‘^  +  C  xN^  (1) 

qv  T 

and 

An  =  -aN  +  n(T)  -  rx(THs)  (2) 

where  r  denotes  the  carrier  lifetime,  n  denotes  the  refractive 
index,  N  is  the  carrier  density,  I  is  the  current,  v  is  the  volume  of 
the  microcavity,  r]i  is  the  internal  efficiency,  T  is  the  temperature 
of  the  device,  Ths  is  the  temperature  of  the  heat  sink,  and  q  is 
the  electronic  charge.  A,  B,  and  C  represent  the  nonradiative, 
radiative,  and  Auger  recombination  coefficients,  respectively, 
a  =  1.1  X  10“^*^  is  a  constant  that  depends  on  the  electron 
effective  mass,  the  photon  energy,  and  the  refractive  index  [13]. 
The  temperature  of  the  heat  sink  is  taken  to  300  K. 

As  seen  from  [11,  eq.  (1)],  a  large  part  of  the  speed-sen¬ 
sitivity  tradeoff  arises  because  the  lifetime  reduction  requires 
more  current  to  be  injected  to  achieve  the  same  carrier  density. 
This  can  be  balanced  by  reducing  the  active  volume  of  the  de¬ 
vice.  This  motivated  our  additional  etch  step  to  form  a  micro¬ 
toroid,  as  shown  in  Fig.  1. 

The  hrst  term  in  (2)  quantifies  the  effect  of  free  carriers  on 
the  refractive  index  of  the  material  [12]  that  is  mainly  intended 
in  FCI  tuning.  The  next  two  terms  describe  the  temperature-in¬ 
duced  change  in  index  that  is  an  unintended  consequence  of  the 
current  flow  in  the  device.  This  is  primarily  affected  by  the  phys¬ 
ical  geometry  and  the  nature  of  materials  used  for  the  resonator. 
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Current  [mA] 

Fig.  4.  Calculated  and  measured  tuning  curves  for  a  12-/(m  microdisk 
modulator. 

The  effect  of  temperature  is  calculated  by  assuming  that  the 
temperature  of  the  tuning  region  and  the  cladding  layer  immedi¬ 
ately  around  it  is  uniform  and  that  all  the  power  in  the  structure 
is  dissipated  there  [12],  The  temperature  is  then  given  by 

T  =  Ths  +  RthIV  (3) 

where  Ths  is  the  temperature  of  the  heat  sink,  i?th  is  the  thermal 
resistance  of  the  device,  I  is  the  current,  and  V  is  the  voltage 
across  the  device.  The  thermal  resistance  is  used  as  a  fitting  pa¬ 
rameter.  The  refractive  index  change  due  to  temperature  is  com¬ 
puted  for  InGaAsP  material  using  the  model  by  Adachi  [13]. 

The  temperature  dependence  of  the  index  occurs  through  two 
parameters  Eg,  the  energy  bandgap,  and  ei„f ,  the  high  frequency 
dielectric  constant.  The  temperature  dependence  of  Eg  and  Sinf 
near  300  K  is  obtained  from  [14]-[16]. 

We  also  calculate  the  change  in  the  refractive  index  of  the 
device  as  the  current  flows  and  heats  up  the  device.  As  the  tem¬ 
perature  increases,  the  red-shift  in  wavelength  resulting  from 
heating  competes  with  the  blue-shift  resulting  from  the  carrier 
injection.  The  effect  of  temperature  computed  using  this  model 
is  in  tune  with  the  O.Tnm/°C  shift  generally  observed  in  InP. 
The  modal  index  change  is  then  calculated  using  the  conformal 
transformation  approach  for  a  microdisk  [17]. 

Fig.  4  shows  the  calculated  and  measured  tuning  curves  for  a 
12-//m  FCI  microdisk. 

We  see  that  the  calculation  is  in  good  agreement  with  the  mea¬ 
sured  data.  The  value  of  thermal  resistance  of  the  device  used  in 
the  calculation  was  4500  K/W.  This  value  is  close  to  those  re¬ 
ported  by  other  workers  for  microdisk  resonators  [18].  Based  on 
these  calculations,  we  expect  that  the  lower  limit  on  the  band¬ 
width  of  this  device  design  can  be  increased  to  around  10  GHz 
with  further  implantation  reduction  of  the  minority  carrier  life¬ 
time  and  by  using  a  smaller  ring  design  to  improve  current  sen¬ 
sitivity.  The  maximum  bandwidth  occurs  when  the  heating-in¬ 
duced  change  of  the  index  balances  that  of  the  FCL  The  time 
constants  of  these  two  effects  are  dramatically  different  and 
the  important  issue  is  the  differential  tuning  at  the  operational 
speed.  Thus,  the  limit  estimated  in  this  way  is  a  lower  bound  on 
the  bandwidth.  The  temperature  effects,  however,  cause  a  slow 
change  in  the  background  of  the  response.  This  needs  to  be  ad¬ 
dressed  by  using  additional  means  to  stabilize  the  device  and, 
hence,  improve  performance. 


In  conclusion,  we  have  analyzed  the  FCI  mechanism  in  mi¬ 
crodisk  devices.  An  analysis  including  the  effects  of  temperature 
was  presented  that  accurately  predicts  the  steady  state  tuning 
characteristics  of  the  resonators.  The  possibility  of  achieving 
higher  modulation  bandwidths  by  reducing  the  carrier  lifetime 
through  ion  implantation  was  also  demonstrated.  The  analysis 
shows  that  higher  dose  ion  implantation  will  lead  to  further  im¬ 
provements  in  the  bandwidths  in  these  devices.  The  sensitivity 
of  the  devices  was  maintained  by  using  a  microtoroidal  design 
to  prevent  current  flow  at  the  center  of  the  circular  microres¬ 
onators.  In  this  manner,  modulators  that  operate  with  low  volt¬ 
ages  and  have  3-dB  bandwidths  close  to  1.5  GHz  were  demon¬ 
strated.  Analysis  suggests  that  bandwidths  higher  than  10  GHz 
can  be  achieved  with  further  device  improvements. 
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